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Objective: To compare the segmentation capability of the 2 currently available commercial volumetry software programs 
with specific segmentation algorithms for pulmonary ground-glass nodules (GGNs) and to assess their measurement accuracy. 
Materials and Methods: In this study, 55 patients with 66 GGNs underwent unenhanced low-dose CT. GGN segmentation 
was performed by using 2 volumetry software programs (LungCARE, Siemens Healthcare; LungVCAR, GE Healthcare). 
Successful nodule segmentation was assessed visually and morphologic features of GGNs were evaluated to determine 
factors affecting segmentation by both types of software. In addition, the measurement accuracy of the software programs 
was investigated by using an anthropomorphic chest phantom containing simulated GGNs. 

Results: The successful nodule segmentation rate was significantly higher in LungCARE (90.9%) than in LungVCAR (72.7%) 
(p = 0.012). Vascular attachment was a negatively influencing morphologic feature of nodule segmentation for both 
software programs. As for measurement accuracy, mean relative volume measurement errors in nodules > 10 mm were 
14.89% with LungCARE and 19.96% with LungVCAR. The mean relative attenuation measurement errors in nodules > 10 mm 
were 3.03% with LungCARE and 5.12% with LungVCAR. 

Conclusion: LungCARE shows significantly higher segmentation success rates than LungVCAR. Measurement accuracy of 
volume and attenuation of GGNs is acceptable in GGNs > 10 mm by both software programs. 
Index terms: Lung neoplasms; Solitary pulmonary nodule; Multidetector computed tomography; Phantoms, imaging; 
Technology, radiologic 




INTRODUCTION 

Pulmonary ground-glass nodules (GGNs) including both 
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pure GGNs and part-solid (PS) GGNs have been well known 
to have a substantially high probability to be malignant (1), 
with malignancy rates of 63% for PS GGNs and 18% for pure 
GGNs reported by Henschke et al. (1), much higher than 
that for solid nodules. However, a substantial proportion 
of GGNs is benign (2), and thus differentiation between 
benign and malignant GGNs is essential. Unfortunately, 
preoperative differentiation between benign and malignant 
GGNs is not easy. Although Lee et al. (3) reported that 
a lesion size > 8 mm and a lobulated border for pure 
GGNs and a lobulated border for PS GGNs could be useful 
predictors of malignant GGNs, Kim et al. (4) reported that 
there were no morphologic differences between benign and 
malignant GGNs. Considering these conflicting results, it 
may be too early to determine the benignity of GGNs with 
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morphologic CT features alone. Furthermore, a study on FD6- 
PET has reported limitations in differentiating malignant 
from benign GGNs, as malignant GGNs are often found to be 
false negatives on FDG-PET (5). 

Thus, today, the differentiation of benign from malignant 
GGNs is usually determined based on a lesion's change 
over time (6), in which computer-aided volumetry is 
thought to provide more accurate and reproducible 
assessment than visual assessment (7). However, there 
have been concerns in computer-aided volumetry of GGNs, 
regarding the capability of volumetry software packages 
to appropriately segment target nodules and in providing 
accurate volume measurements. Although knowledge of 
the nodule segmentation performance of each volumetry 
tool and the choice of the most appropriate software for 
GGN measurement may be of great interest, only a limited 
number of studies have been performed regarding the 
volumetric measurements of GGNs, of which none were 
comparison studies (6-9). In addition, knowledge of the 
decisive morphologic features affecting successful nodule 
segmentation can be of great clinical importance in 
excluding GGNs that are not suitable for volumetric analysis. 
These are important issues as GGNs usually require serial 
follow-up studies, however to our knowledge, there have 
been no studies dealing with these issues. 

Thus, the purpose of our study was to compare the 
nodule segmentation capability of 2 commercially 
available volumetry software programs (LungCARE, Siemens 
Healthcare, Erlangen, Germany; LungVCAR, GE Healthcare, 
Waukesha, USA), which provide specific segmentation 
algorithms for GGNs, and to analyze the morphologic 
features of GGNs influencing successful segmentation. 
In addition, we also assessed volume and attenuation 
measurement accuracy of each software package. 

MATERIALS AND METHODS 

This study was approved by the institutional review 
board of Seoul National University Hospital, which waived 
the requirement for patients' informed consent for the 
retrospecitve study. 

Patient and Nodule Selection 

From October 2010 to December 2011, one author with 
13 years of experience in chest CT (CM. P.) retrospectively 
searched the electronic medical records and the radiology 
information systems of our hospital for patients with 
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pulmonary GGNs identified on low-dose, thin-section chest 
CT. Most of these patients underwent low-dose chest CT 
for the purpose of clinical follow-up of their pulmonary 
GGNs. The study population was determined based on the 
following criteria: 1) persistent pure or PS GGNs on 2 CT 
examinations with > 3 months interval to exclude transient 
inflammatory lesions; 2) available 1 mm slice thickness 
low-dose helical CT without intravenous contrast media 
administration; 3) nodules with a diameter > 5 mm, but 
< 2 cm in maximum diameter; and 4) nodules without 
calcification. 

On the basis of the selection criteria, 55 patients (15 
men and 40 women; age range, 30-76 years; mean age, 
55.76 years) with 66 GGNs were enrolled. Among these 66 
GGNs, 35 were pure GGNs and 31 were PS GGNs. The mean 
size of the 66 GGNs was 10.39 + 3.55 mm (range, 5.64- 
19.75 mm) and their mean attenuation was -516.95 + 
146.27 Hounsfield unit (HU) (range, -758.99 to -171.05 
HU). Twenty-eight nodules were surgically resected due to 
the increase in size of the nodule or due to the appearance 
of solid portion during the follow-up studies. The final 
pathologic diagnoses were as follows: atypical adenomatous 
hyperplasia in 1; adenocarcinoma-jn-s/tu (AIS) in 15; 
invasive adenocarcinoma in 12. Twenty-six of the 66 GGNs 
were located in the right upper lobe, 3 in the right middle 
lobe, 10 in the right lower lobe, 16 in the left upper lobe, 
and 11 in the left lower lobe. 

Image Acquisition 

All chest CTs were performed using 3 multi-detector CT 
scanners; Somatom Definition, Sensation-16 (Siemens 
Medical Solutions, Forchheim, Germany), and Brilliance-64 
(Phillips Medical Systems, Best, the Netherlands). Detailed 
scanning parameters were as follows: detector collimation, 
0.6-0.75 mm; beam pitch, 0.516-1.2; reconstruction 
increment, 1.0 mm; slice thickness, 1.0 mm; rotation 
time, 0.5 second; tube voltage, 120 kVp; tube current, 30- 
60 effective mAs; and matrix, 512 x 512. Images were 
reconstructed using the medium sharp reconstruction 
algorithm. CT scans were obtained for all patients in the 
supine position at full inspiration. 

Image Analysis 

GGN Segmentation Evaluation 

To evaluate and compare the successful segmentation 
rate of the 2 commercially available volumetric software 
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programs (LungCARE, Siemens Healthcare; LungVCAR, GE 
HeaLthcare), CT image data were transferred to workstations. 
At first, GGNs were detected on transverse thin-slab 
maximum intensity projection images with a window width of 
1500 HU and level of -700 HU (LungCARE) or on transverse 
thin-section (1 mm thickness) images (LungVCAR). Then, 
the nodules were manually marked with a mouse click in the 
nodule's center, and the software programs automatically 
segmented the nodule margin. A 'subsolid' segmentation 
algorithm was used in LungCARE and 'nonsolid' and 'PS' 
(when solid proportion > 50%) algorithms were used in 
LungVCAR. LungCARE provided volume-rendered images 
of nodules and surrounding structures in the volume of 
interest, while LungVCAR provided segmentation boundary- 
overlaid transverse thin-section images with volume- 
rendered images of the segmented nodules (Fig. 1). Two 
radiologists (H.K. and S.M.L. with 2 and 7 years' experience 
in CT, respectively) evaluated the nodule segmentation 
of each software in consensus. Nodule segmentation was 
allowed up to 3 times consecutively. Successful nodule 
segmentation was assessed visually and classified into 
one of 4 categories: 1) 'excellent': the segmented part 
completely matched the nodule; 2) 'satisfactory': although 
not perfect, the segmented volume is still representative of 
the nodule. The maximum mismatch between the overlay 
and nodule was visually estimated not to exceed 30% in 
volume; 3) 'poor': part of the nodule is segmented, but 
the segmented volume is not representative of the nodule 
(estimated mismatch > 30%); 4) 'failure': no segmentation 
or the result has no similarity with the lesion. These criteria 
were originally suggested by de Hoop et al. (10) and 



modified by the authors. We regarded the first 2 categories 
(excellent and satisfactory categories) as 'successful nodule 
segmentation'. 

Morphologic Feature Evaluation 

To analyze the morphologic features of GGNs influencing 
successful nodule segmentation, 2 chest radiologists 
(J.M.G. and CM. P. with 21 and 13 years experience in 
chest CT) evaluated the CT findings of each nodule in 
consensus as follows: (a) lesion size (maximum diameter), 
(b) attenuation, (c) shape (spherical, nonspherical), (d) 
contour (smooth, lobulated, spiculated), (e) margin (well- 
defined, poorly-defined), (f) solid portion size (maximum 
diameter), (g) solid proportion of PS nodules, (h) GGN type 
(I, II, III), (i) pleural attachment of the nodule, and (j) 
vascular attachment of the nodule. The solid proportion 
of the nodule was calculated by dividing the maximum 
diameter of the solid portion by the maximum diameter of 
the primary nodule, and the maximum diameter of the solid 
portion was measured on the mediastinal window setting 
(window width 400 HU, level 20 HU) using the vanishing 
ratio method (11). GGNs were classified into 3 types based 
on the extent of internal solid parts: Type I, pure GGN; Type 
II, PS GGN with a solid portion size < 5 mm; Type III, PS 
GGN with a solid portion size > 5 mm. Pleural or vascular 
attachment of nodules was defined as when the contact 
surface between the nodule and pleura or vessel was greater 
than 50% of the nodule diameter at software-offered 
volume-rendered images (12) (e.g., A 10 mm-sized nodule 
was considered as vessel-attached when it had more than 5 
mm contact with a vessel at its boundary or when a vessel 




ABC 
Fig. 1. 29-year-old woman with ground-glass nodule (GGN). 

A. LungCARE provides volume-rendered image of nodule and surrounding structures in volume of interest. B, C. LungVCAR provides segmented 
boundary of GGN overlaid on transverse thin-section image (B) as well as volume-rendered image of segmented nodule (C). 
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passed through the nodule for more than 5 mm). 
Phantom Study 

Anthropomorphic Chest Phantom and GGN Phantom 
To evaluate and compare the measurement accuracy of the 

2 commercial volumetry software programs, we performed 

a phantom study using an anthropomorphic chest phantom 
(multipurpose chest phantom Nl Lungman, Kyoto Kagaku, 
Kyoto, Japan) with simulated GGNs. The anthropomorphic 
chest phantom consisted of simulated pulmonary vessels, 
heart, chest wall, diaphragm, and liver. Simulated GGNs of 
various diameters and attenuations (diameter 5-, 8-, 10-, 
and 12-mm; attenuation -630 HU and -800 HU for each 
diameter) were manually affixed to the simulated pulmonary 
vessels. 

CT Acquisition 

Low-dose thin-section CT was performed for the phantom 
study with a Sensation-16 scanner (Siemens Medical 
Solutions, Forchheim, Germany). Scanning parameters were 
as follows; detector collimation, 0.75 mm; beam pitch, 
1.0; reconstruction increment, 1.0 mm; slice thickness, 
1.0 mm; rotation time, 0.5 second; tube voltage, 120 kVp; 
tube current, 60 mAseff; and matrix, 512 x 512. Images 
were reconstructed using the medium sharp reconstruction 
algorithm. For each nodule, CT scans were performed 10 
times and a total of 80 nodule datasets were obtained. 

Accuracy Measurement 

One radiologist (S.M.L. with 7 years experience in CT) 
measured the volume and attenuation of each simulated 
GGN using the volumetry software programs (LungCARE, 
Siemens Healthcare; LungVCAR, GE Healthcare). The observer 
was allowed consecutive attempts at segmentation up to 

3 times for the most satisfactory nodule segmentation. 
Thereafter, the relative volume measurement error for each 
nodule was calculated to evaluate the accuracy of each 
volumetry software, according to the following formula: 
([measured nodule volume - assumed nodule volume] / 
assumed nodule volume) x 100. The assumed nodule volume 
was calculated according to the formula for the volume of 

a sphere supposing that the simulated GGNs are spherical. 
In addition, this formula was applied to calculation of 
attenuation measurement error. Measurement error was 
calculated using only the successfully segmented nodules. 



Kim et a I. 

Statistical Analysis 

To compare the segmentation capability of the 2 
volumetry software programs, the chi-square test was 
performed. For determination of morphologic features of 
GGNs influencing successful nodule segmentation at each 
software program, we first used the Mann-Whitney U-test 
and Fisher's exact test for each variable, as appropriate. 
Subsequent multivariate logistic regression analysis was 
conducted with the enter mode, in which morphologic 
features with a p-value < 0.10 through univariate analysis 
were used as input variables. 

In the phantom study, the paired t test was used to 
compare the relative volume and attenuation measurement 
error values between the 2 volumetry software programs. 
We, then, assessed and calculated the relative measurement 
error values according to the nodules' size. 

All statistical analyses were performed using Statistical 
Package for the Social Sciences (SPSS) version 18.0 (SPSS 
Inc., Chicago, IL, USA). A p-value < 0.05 was considered to 
indicate a statistical significance. 

RESULTS 

Nodule Segmentation 

Successful nodule segmentation was observed in 90.9% 
of nodules (60/66) for LungCARE and 72.7% (48/66) 
for LungVCAR. LungCARE showed a significantly higher 
successful segmentation rate than LungVCAR (p = 0.012). 
There were no cases of segmentation failure for LungCARE 
with only 6 poorly segmented nodules out of 66 GGNs. The 
detailed segmentation results of each software program are 
displayed in Figure 2. 

Morphologic Feature Analysis 

Table 1 summarizes the morphologic features of enrolled 
GGNs. Among these morphologic features, 2 features 
(contour and vascular attachment) were significantly 
different with a p-value < 0.1 between the successful 
segmentation group and the poor/failed segmentation 
group for LungCARE (Table 2). Subsequent multivariate 
analysis revealed that a lobulated contour and vascular 
attachment were significant negatively influencing factors 
for successful segmentation (lobulated contour, p = 0.037, 
odds ratio [OR] = 0.063; vascular attachment, p = 0.008, OR 
= 0.030) (Fig. 3). For LungVCAR, vascular attachment was 
the only significant negatively influencing factor (p < 0.001, 
OR = 0.071) (Fig. 3, Table 3). 
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Accuracy Measurement 

In the GGN phantom study, the successful nodule 
segmentation rate was 93.75% (75/80) for LungCARE. 
For LungVCAR, only nodules of -630 HU were used for the 
accuracy measurement study due to the poor segmentation 
capability for -800 HU nodules. The successful segmentation 
rate of LungVCAR for -630 HU nodules was 82.5% (33/40). 
For these successfully segmented nodules, the relative 
volume and attenuation measurement errors were calculated 
(Table 4). The mean relative volume measurement error for 
nodules with a < 8 mm-diameter, and > 10 mm-diameter 
was 61.47%, and 14.89% in LungCARE and 53.56%, and 
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Fig. 2. Comparison of ground-glass nodule segmentation 
profile between 2 volumetry software programs (LungCARE 
and LungVCAR). Note that poor and failure portions of LungVCAR 
segmentation are 16.7% and 10.6%, respectively, while poor 
segmentation in LungCARE is 9.1% with no cases of failed 
segmentation. 
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19.96% in LungVCAR, respectively, and no significant 
difference between the 2 software programs was observed (p 
= 0.421). The mean relative attenuation measurement error 
for nodules with a < 8 mm-diameter, and > 10 mm-diameter 
was 2.09%, and 3.03% in LungCARE and 13.19%, and 5.12% 
in LungVCAR. The mean relative attenuation measurement 
error was significantly smaller in LungCARE (p < 0.001). 

DISCUSSION 

Our study is the first comparison study of commercially- 
available volumetry software programs for GGNs. We found 
that the successful segmentation rate of GGNs, including 
PS GGNs was 90.9% for LungCARE and 72.7% for LungVCAR 
and that LungCARE showed a significantly higher successful 
segmentation rate than LungVCAR. In solid nodules, the 
successful segmentation rate has been reported to range 

Table 1. Morphologic Features of Ground-Glass Nodules 



Characteristics 


Number of GGNs 


Lesion size (mm)* 


10.39 ± 3.55 


Attenuation (HU)* 


-516.95 ± 146.27 


Shape (spherical : nonspherical) 


62 : 4 


Contour (smooth : lobulated : spicuLated) 


38 : 25 : 3 


Margin (weLl-defined : poorly-defined) 


44 : 22 


SoLid portion size of part-solid GGN (mm)* 


3.87 ± 3.80 


Solid proportion of part-solid GGN (%)* 


30.06 ± 23.46 


GGN type (I : II : III) 1 


36 : 23 : 7 


Vascular attachment 


18 


Pleural attachment 


9 



Note. — Except where indicated, data are numbers of nodules. 
*Data are mean ± standard deviation, 'Type I = pure GGN, Type II 
= part-solid GGN with solid portion size < 5 mm. Type III = part- 
solid GGN with solid portion size > 5 mm. GGN = ground-glass 
nodule, HU = hounsfield unit 



Table 2. Comparison of Features between Successfully Segmented- and Poorly Segmented Nodules in LungCARE 



Features 


Successful Segmentation (n = 60) 


Poor/Failed Segmentation (n = 6) 


P 


Lesion size (mm)* 


10.14 ± 3.30 


12.95 ± 5.15 


0.141 


Attenuation (HU)* 


-518.12 ± 150.80 


-505.23 ± 98.02 


0.624 


Shape (spherical : nonspherical) 


57 : 3 


5 : 1 


0.323 


Contour (smooth : lobulated : spicuLated) 


37 : 21 : 2 


1:4:1 


0.064 


Margin (well-defined : poorly-defined) 


40 : 20 


4 : 2 


1.000 


Solid portion size (mm)* 


1.54 ± 2.83 


4.54 ± 5.64 


0.128 


SoLid proportion (%)* 


12.68 ± 20.33 


28.55 ± 33.52 


0.176 


GGN type (Type I : II : III) 1 


34 : 21 : 5 


2:2:2 


0.152 


Vascular attachment (non-attached : attached) 


47 : 13 


1 : 5 


0.005 


Pleural attachment (non-attached : attached) 


52 : 8 


5 : 1 


1.000 



Note. — Except where indicated, data are numbers of nodules. *Data are mean ± standard deviation, f Type I = pure GGN, Type II = part- 
solid GGN with solid portion size < 5 mm, Type III = part-solid GGN with solid portion size > 5 mm. GGN = ground-glass nodule, HU = 
Hounsfield unit 
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from 71% to 97% (8). For GGNs, Oda et al. (8) reported 
a 100% segmentation rate using prototype software with 
the semi-automated method and manual editing. For pure 
GGNs, Park et al. (9) reported a 97.8-98.3% segmentation 
rate using LungCARE with the semi-automated method. 
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A previous comparison study of 6 different commercial 
volumetry software programs by de Hoop et al. (10) had 
shown that the segmentation rate varied significantly 
from 71% to 86% when the semi-automated method was 
used. They have also shown that there were significant 




Size(nm) L-R:14.G A-P:14.6 I-S:12.2 
Standard : ntax=66 av=-579 std=190.7 



C D 
Fig. 3. 43-year-old woman with vessel-attached ground-glass nodule (GGN). 

A. Transverse thin-section chest CT shows 7.3 mm pure GGN (arrow) in right Lower Lobe. B. VoLume-rendered image of LungCARE shows poor 
segmentation of GGN with vascuLar segmentation Leakage. C, D. LungVCAR provides segmentation boundary of GGN overlaid on transverse thin- 
section image (C) and voLume-rendered image aLso shows poor segmentation of GGN due to attached vesseLs (D). 
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Table 3. Comparison of Features between Successfully Segmented- and Poorly Segmented Nodules in LungVCAR 



Features 


Successful Segmentation (n = 48) 


Poor/Failed Segmentation (n = 18) 


P 


Lesion size (mm)* 


10.18 ± 3.51 


10.96 ± 3.69 


0.416 


Attenuation (HU)* 


-521.25 ± 128.99 


-505.49 ± 188.715 


0.943 


Shape (spherical : nonspherical) 


45 : 3 


17 : 1 


1.000 


Contour (smooth : lobuLated : spiculated) 


29 : 18 : 1 


9:7:2 


0.272 


Margin (well-defined : poorly defined) 


33 : 15 


11 : 7 


0.571 


Solid portion size (mm)* 


1.62 ± 2.94 


2.33 ± 3.96 


0.876 


Solid proportion (%)* 


12.23 ± 19.29 


19.16 ± 27.92 


0.696 


GGN type (Type I : II : III) 1 


26 : 18 : 4 


10 : 5 : 3 


0.544 


Vascular attachment (non-attached : attached) 


42 : 6 


6 : 12 


< 0.001 


Pleural attachment (non-attached : attached) 


42 : 6 


15 : 3 


0.696 



Note. — Except where indicated, data are numbers of nodules. *Data are mean ± standard deviation, f Type I = pure GGN, Type II = part- 
solid GGN with solid portion size < 5 mm. Type III = part-solid GGN with solid portion size > 5 mm. GGN = ground-glass nodule, HU = 
Hounsfield unit 




Table 4. Mean Relative Volume and Attenuation Measurement Errors of LungCARE and LungVCAR 





LungCARE 


LungVCAR 


Simulated 
GGN 


Mean Relative Volume 


Mean Relative Attenuation 


Mean Relative Volume 


Mean Relative Attenuation 


Measurement Error (%) 


Measurement Error (%) 


Measurement Error (%) 


Measurement Error (%) 


-630 HU 


5 mm 


99.01 ±48.14 


3.46 ±3.12 


75.93 ± 30.74 


13.13 ± 7.15 


8 mm 


38.15 ± 5.74 


3.03 ± 0.60 


31.19 ± 8.79 


13.25 ± 4.08 


10 mm 


22.82 ± 9.59 


2.98 ±0.36 


28.34 ± 22.87 


3.76 ± 7.02 


12 mm 


13.08 ± 5.29 


4.72 ± 0.25 


11.57 ± 4.79 


6.48 ± 1.68 


-800 HU* 


5 mm 


76.79 ±41.32 


0.94 ± 1.75 






8 mm 


41.86 ± 25.12 


1.42 ± 0.84 






10 mm 


19.10 ± 15.63 


1.92 ± 0.66 






12 mm 


4.58 ± 7.09 


2.51 ± 0.29 







Note.— Data are mean ± standard deviation. *800 HU nodules were not included for LungVCAR due to poor nodule segmentation. GGN = 
ground-glass nodule, HU = Hounsfield unit 



differences in absolute nodule volumes among the different 
volumetry software programs (10). However, the study 
by de Hoop et al. (10) dealt with only solid nodules, and 
our study demonstrated that such substantial variation of 
segmentation capability between software programs can 
also be applied to the volumetry of GGNs. As segmentation 
capability is an essential pre-requisite for nodule volumetry, 
it may be important to know which volumetry software 
program provides the best segmentation performance. 

With respect to the morphologic features affecting GGN 
segmentation, a LobuLated contour and vascular attachment 
of GGNs were revealed to be significant negatively- 
influencing factors for successful nodule segmentation in 
LungCARE. In LungVCAR, vascular attachment of the nodule 
was proven to be the single negative feature. It has been 
well-known that nodule attachments make it difficult to 
accurately define boundaries in the case of juxtavascular 



and juxtapleural solid nodules (13), with segmentation 
failure rates ranging from 20% to 28%, according to a 
study by Kostis et al. (14). In addition, Das et al. (15) 
showed that the overall absolute percentage error of volume 
measurement was highest for juxtapleural nodules. Our 
result partly coincides with these previous studies (13-15) 
and it is noteworthy that vascular attachment would be 
critical in the volumetric analysis of GGNs, not only for solid 
nodules. As for nodule contour, we found that lobuLated 
contour was a negatively influencing morphologic feature of 
GGN segmentation in LungCARE. In addition, Petrou et al. 
(16) showed that nodule contour had a significant negative 
effect on volume measurement variability in solid nodules. 

As for the influence of the solid portion on GGN 
segmentation, there were no significant differences in 
solid proportion or solid part size between the successful 
segmentation group and the poor/failed segmentation 
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group on both software programs. PS GGNs with a solid 
portion < 5 mm frequently prove to be AISs or minimally 
invasive adenocarcinomas, pathologically (17, 18), for 
which close follow-up can be an important management 
option instead of immediate surgical resection. In this 
context, our study results support that PS GGNs with a solid 
portion < 5 mm could also be eligible for the application of 
volumetry software programs for follow-up. 

For measurement accuracy evaluation using simulated 
GGNs, we found that the measurement accuracy of volume 
and attenuation of GGNs was reasonably acceptable in 
successfully segmented GGNs > 10 mm in both software 
programs. As for attenuation measurement, LungCARE 
showed significantly smaller measurement error than 
LungVCAR, but with respect to volume measurement, 
there was no significant difference in measurement error 
between the 2 software programs. However, considering 
that simulated GGNs with -800 HU were not included in 
this comparison as they were not able to be segmented in 
LungVCAR, although they were able to be segmented in 
LungCARE, a simple comparison between the 2 software 
programs based on the successfully segmented nodules in 
this study may not have been appropriate. In real clinical 
practice, GGNs with attenuation around -800 HU may not 
be successfully segmented in LungVCAR and therefore might 
show higher volume measurement error than with LungCARE. 
Thus, we assume that both volume and measurement error 
would be smaller with LungCARE if GGNs with a wider 
range of size and attenuation were measured. We can also 
infer that the attenuation of GGNs would be an important 
factor in determining successful nodule segmentation with 
LungVCAR. Unfortunately, we were not able to identify the 
effect of GGN attenuation in our segmentation capability 
study as the enrolled GGNs ranged from -759 to -171 HU. 

Previously, Oda et al. (8) reported that the mean relative 
volume measurement error for simulated GGNs > 5 mm 
ranged from -4.1% to 7.1% using prototype software with 
the semi-automated method and manual editing. Relative 
attenuation measurement error was not described in that 
study and we did not include -450 HU nodules which were 
used as solid nodule surrogates in the study by Oda et al. 
(8). Our volume measurement error was higher than that 
reported by Oda et al. (8); however, we only used the semi- 
automated method without manual editing or manual 
drawing as we considered them to be impractical and time- 
consuming in real clinical practice. 

Our study has several limitations. First, we used 3 
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different CT scanners for GGN segmentation analysis. 
Scanner-specific parameters can potentially affect 
volumetric measurements (13). However, since differences 
of the scanning parameters including detector collimation, 
section thickness and dose settings among the 3 CT 
scanners were minimal in our study, we think that 
the measurement variability according to different CT 
scanners with subequal scanning parameters would be of 
acceptable range as reported by Das et al. (15). Further 
investigation would be necessary for the exact impact of 
vendor-specific acquisition on the measurement variability. 
Second, GGN segmentation in our study was assessed 
visually and categorization was consensus-driven between 
2 radiologists. As of yet, no definite objective method 
for the evaluation of nodule segmentation is available. 
Some investigator reported that simultaneous truth and 
performance level estimation algorithm or probability maps 
using multi-reader manual segmentation datasets might 
provide volumetric analysis values closer to the ground 
truth (19, 20); however, visual analysis could be a simple, 
practical and efficient alternative for the categorization of 
semi-automated segmentation successfulness (10). Third, 
the number of GGNs in the segmentation analysis study was 
relatively small and there were few GGNs with spiculation 
and nonspherical shape included. Further studies with a 
large number of nodules would be warranted in the future. 
Fourth, a significant number of GGNs were not confirmed 
pathologically. Thus, we did not perform subgroup analysis 
between benign and malignant GGNs. Fifth, simulated GGNs 
used in the phantom study might be overly simplistic to 
reflect the measurement accuracy of volumetry software 
programs in real clinical practice in that simulated GGNs are 
completely spherical in shape. 

In conclusion, LungCARE showed significantly higher 
segmentation success rates than LungVCAR and vascular 
attachment was a factor of negative influence on nodule 
segmentation in both software programs. Measurement 
accuracy of volume and attenuation of GGNs was acceptable 
in GGNs > 10 mm in both software programs. 
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